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BACKGROUND The right and left pulmonary artery branches (RPA,
LPA) overlie inaccessible left atrial (LA) epicardium, containing the
Bachmann bundle (BB), that participate in arrhythmia pathogenesis
and offer an opportunity for natural surface epicardial mapping
(NSEM).

OBJECTIVE We sought to assess the feasibility of NSEM of BB and
LA roof arrhythmias.

METHODS Electrogram recording, pacing, and ablation was per-
formed in 2 swine. Subsequently, NSEM and pacing from the RPA
and LPA was performed in 11 consecutive patients undergoing abla-
tion of atrial fibrillation or flutter. Pacing entrainment and ablation
of LA epicardium, from the pulmonary artery (PA), was performed in
cases of atypical flutter.

RESULTS Swine specimens revealed no vascular disruption and LA
epicardial lesions up to 7 mm in diameter and 3 mm in depth. In
clinical cases, RPA mapping was performed in 11 (100%) and LPA
mapping in 6 (55%) patients. Simultaneous leftward activation of
the BB followed by rightward activation of the opposing LA endo-
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cardium was recorded during crista pacing. Right and left PA median
signal amplitudes were 0.71 mV and 0.30 mV, respectively. Endocar-
dial LA median distance was 9 mm to the RPA and 15.6 mm to the
LPA and LA capture was successful in 7 of 8 (88%). In cases of atyp-
ical flutter, entrainment was successful in 3 of 3 (100%) and abla-
tion was performed.

CONCLUSION PA NSEM can enable safe recording and entrainment
of the BB, providing otherwise inaccessible epicaridal arrhythmia
measurements. The safety and efficacy of ablation from the PA re-
quires further study.

KEYWORDS Atrial flutter; Atrial fibrillation; Pulmonary artery;
Bachmann bundle; Catheter ablation; Epicardial mapping; Epicar-
dial ablation
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Introduction
The Bachmann bundle (BB)1 describes a parallel set of
epicardial fibers along the interatrial groove with bifurcating
extensions into atrial endocardial myocardium. The BB ex-
tends from the right atrium at the distal end of the anterior
internodal pathway,2 the superior vena cava (SVC), and the
right atrial (RA) appendage, toward the left atrium (LA) sur-
rounding the left atrial appendage (LAA) and the left lateral
ridge.3 Fiber orientation disarray and de novo or ablation-
induced fibrosis of BB muscle fibers may predispose to in-
teratrial conduction delay and/or development of atrial
arrhythmia.4,5 There is clinical evidence for the participation
of epicardial fibers such as the BB in the pathogenesis of
atrial arrhythmias.6–8 However, endocardial mapping and
ablation of putative epicardial arrhythmia circuitry is
limited by intervening endocardial myocardium, fibrosis,
and/or fatty tissues. Percutaneous epicardial mapping of the
LA from the oblique sinus has offered insight into atrial
arrhythmia mechanisms and provide adjunctive treatment
strategies for atrial fibrillation (AF) and atypical atrial
flutter (AFL).9–12 However, this approach is limited by
pericardial reflections, which restrict access to the roof and
superior pulmonary veins (PV) where critical epicardial
structures, BB and the ligament of Marshall, are
positioned.13,14 In addition, percutaneous epicardial mapping
comes with added procedural risk.15 “Natural orifice” surgi-
cal or endoscopic approaches have been explored by other
fields for improved anatomic access to sites of interest.16,17

Based on image fusion and intracardiac echocardiography
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KEY FINDINGS

- Natural surface epicardial mapping from the right and
left main pulmonary artery is a means for electrogram
recording of the Bachmann bundle and epicardial roof
muscle fibers.

- Epicardial signals from the pulmonary artery can be
safely recorded and in select cases of atypical flutter,
the arrhythmia can be successfully entrained from
this location.

- Pulmonary artery recordings provide arrhythmia char-
acteristics that may not be otherwise visible on the
left atrial endocardial surface and may guide anatom-
ical endocardial ablation.

- Anatomic variability exists in distance from the pulmo-
nary artery to the epicardial left atrium, and myocardial
capture threshold may be a surrogate for proximity and
an index of direct continuity.

- The safety and efficacy of an adjunctive strategy of
ablation from the pulmonary artery requires further
study.
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(ICE), we have observed that the left and right pulmonary ar-
teries (PA) overlie these inaccessible epicardial roof struc-
tures and offer an opportunity for “natural surface”
epicardial mapping (NSEM).

Objective
In this study we sought to test the hypothesis that NSEM from
the right and left main PA provides (1) methodology for elec-
trogram recording of the BB and epicardial roof muscle fi-
bers, as well as (2) methodology for interaction with
epicardial roof arrhythmia circuitry using entrainment and
ablation (Figure 1).
Methods
Animal experiments
Given a similar anatomic relationship between the PA and the
LA, the feasibility of mapping and ablation from the PA was
evaluated in 2 swine. The research protocol was approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of Pennsylvania and conformed to the position of the
American Heart Association on Research Animal Use. All
experiments were performed at the University of Pennsylva-
nia Translational Cardiac Electrophysiology Laboratory in
Philadelphia, PA. Mapping was performed with a 3.5 mm
catheter and an electroanatomic mapping system (Thermo-
Cool SmartTouch SF and CARTO 3; BiosenseWebster, Dia-
mond Bar, CA). Irrigated lesions were delivered to the PA
adjacent to the opposing endocardium at 30 W for 30 sec-
onds. Following the experiments, the animals were sacri-
ficed, and the integrity of the PA and LA and extent of
lesions were assessed by gross examination.
Clinical studies
The Institutional Review Board of the Hospital of the Univer-
sity of Pennsylvania approved our prospective Atrial Fibrilla-
tion Registry Cohort. All patients gave informed consent for
the use of clinical, imaging, and procedural data for medical
research prior to the procedure. Data from 11 consecutive pa-
tients with an indication for catheter ablation of AF or atyp-
ical AFL according to the 2014 AHA/ACC/HRS guidelines
for the management of patients with atrial fibrillation18 un-
dergoing the procedure at the Hospital of the University of
Pennsylvania were included in the study. The procedures
were performed using general anesthesia with high-
frequency, low-volume ventilation. Anticoagulation was
not interrupted for the procedures. ICE was used to guide
transseptal puncture, monitor for procedural complications,
and facilitate mapping and ablation. Decapolar diagnostic
catheters were placed in the proximal coronary sinus (CS)
and along the crista terminalis. Dual or single transseptal
punctures were performed based upon operator preference.
Multipolar mapping (PentaRay, Biosense Webster, Diamond
Bar, CA; or HD Grid, Abbott, Chicago, IL) and contact
force–sensing open-irrigated ablation catheters (Thermo-
Cool, Biosense Webster, Diamond Bar, CA; or TactiCath,
Abbott, Minneapolis, MN) were utilized. Electroanatomic
mapping was performed using CARTO 3 (BiosenseWebster,
Diamond Bar, CA) in 10 patients (91%) and EnSite Velocity
(Abbott, Chicago, IL) in 1 patient (9%). Bipolar signals were
notch filtered at 60 Hz and bandpass filtered at 16–500 Hz
and 30–300 Hz, respectively. The mapping catheter alone
can be directly navigated into the PA, but for the majority
of cases, PA mapping was performed with the aid of a steer-
able sheath. The ablation catheter was advanced into the right
ventricular outflow tract under fluoroscopic and ICE guid-
ance, taking care to avoid force .5 gm, to avoid mechanical
complications. The steerable sheath was then railed over the
catheter using the deflection to negotiate the upward and
rightward turn from the main PA into the right main PA
(Figure 2). The ablation catheter could then be used for PA
mapping or exchanged for a multipolar catheter to record
LA epicardial signals. Pacing from the PA with up to
50 mA at 2.0 ms was performed to assess for LA capture.
Entrainment from the PA was performed during cases of
atrial flutter. In cases with favorable entrainment characteris-
tics radiofrequency ablation was applied at low power
(,30 watts) for up to 30 seconds per lesion. The left main
coronary artery position, well below the main PA branches
and at the level of the posterior right ventricular outflow tract,
was confirmed on ICE prior to ablation. Continuous variables
are reported as mean and standard deviation or median and
interquartile range (IQR) as appropriate; categorical variables
are reported as proportions or percentages.
Results
In vivo animal studies
The PA-to-LA anatomy relationship in the swine was similar
to that of human anatomy. Capture of LA myocardium from



Figure 1 A, B:A graphical representation showing the relationship of the left atrium (red) with the left and right pulmonary artery (blue) and Bachmann bundle
(BB) (yellow);C, D: corresponding anatomical map (EnSite Velocity; Abbott, Chicago, IL).A, C: The left atrium as viewed from the left atrial (LA) septum with
the right atrium transparent (dotted line) and the anatomical course of the BB.C, D: The left atrium as viewed above from the LA dome and the anatomical course
of BB. Ao 5 aorta; IVC 5 inferior vena cava; LA5 left atrium; LAA 5 left atrial appendage; LPA5 left pulmonary artery; LSPV5 left superior pulmonary
vein; PA 5 pulmonary artery; RPA 5 right pulmonary artery; RSPV 5 right superior pulmonary vein; SVC 5 superior vena cava.
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the PA was possible in both animal studies at 15 mA at
2.0 ms. Ten lesions, 5 per animal, were delivered using irri-
gated radiofrequency at 30 W for 30 seconds within the PA
opposing the LA. Upon gross examination, a series of these
lesions extended from the PA to the LA epicardium up to
7 mm in diameter and up to 3 mm in depth (Figure 3). No
endocardial dissection or disruption of the PA was noted us-
ing these power and duration settings.
Clinical studies
A total of 11 consecutive patients (91% male) with mean age
of 696 9.7 years underwent elective catheter ablation of AF
(6, 55%) or atypical AFL (5, 45%). Six (55%) had previously
undergone a prior AF ablation. Baseline patient characteris-
tics are reported in Table 1. Access to the PA and right and
left main branches directly overlying the LA roof was
possible in all patients and recoding from the right and/or
left PA was at the discretion of the primary operator. There
were no procedural complications. Electrogram recording
in the PA was performed using a multipolar catheter
(8, 73%) and/or an ablation catheter (3, 27%). The right
main PA was mapped in 11 (100%) and the left main PA
was mapped in 6 (55%). The mapped rhythm was sinus
(3, 27%), atrial paced (4, 36%), or LA flutter (4, 36%)
(Table 2).
PA signal electrograms
Atrial signal recording from the right PA yielded a median
amplitude of 0.71 mV (IQR 0.36–0.77 mV) and an adjacent
endocardial LA roof median amplitude of 1.61 mV (IQR
0.36–4.0 mV). The signal amplitude from the left PA had
a median measurement of 0.30 mV (IQR 0.23–0.47 mV)
and an adjacent endocardial LA ridge median amplitude of
1.67 mV (range 0.65–3.07 mV). Distance measurement be-
tween endovascular and endocardial boundaries on the elec-
troanatomic map revealed right main PA median distance of
9 mm (IQR 7.15–10.28) and left main PA median distance of
15.6 mm (range 10.3–19.6 mm) to the closest LA endocardial
point (Table 3).
PA pacing
Pacing from the PA was performed in 8 (73%) patients at
both standard (10 mA at 2.0 ms) and high outputs (50 mA
at 2.0 ms). Successful LA capture was observed in 7 (88%)



Figure 2 Fluoroscopic and intracardiac echocardiographic position of the ablation and mapping catheters.A: Right anterior oblique (RAO) andB: left anterior
oblique (LAO) projection of an ablation catheter in the right pulmonary artery (PA). C: RAO and D: LAO projection of an ablation catheter in the left PA. E:
Intracardiac echocardiography (ICE) catheter from the PA demonstrating themain PA bifurcation and an ablation catheter in the right PA. F: Electroanatomicmap
of the left atrium and PA shown with respect to the ICE image from panel E. Abl5 ablation catheter; Ao5 aorta; Endo5 endocardium; LPA5 left pulmonary
artery; LM 5 left main; PR 5 PentaRay; RPA 5 right pulmonary artery.
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patients. One (13%) captured at 10 mA from the right PA,
5 (63%) captured at 50 mA from the right PA, 1 (13%)
captured at 50 mA from the left PA, and 1 (13%) was unable
to capture despite maximum output pacing (Table 3). CS acti-
vation patterns were recorded in patients in whom successful
PA capture occurred during underlying sinus rhythm. This
consisted of 4 patients, all with capture from the right PA.
The activation of the CS was proximal-to-distal in 2 patients
and distal-to-proximal in the remaining 2 patients. The
pattern of activation was not influenced by prior mitral
annular or cavotricuspid isthmus ablation.
Bachmann bundle mapping
In 3 patients, presenting for an index catheter ablation of parox-
ysmal AF, indirectmapping of BB from the PAwas performed
to demonstrate feasibility of true epicardial mapping distinct
from LA endocardial activation. The proximal crista catheter
was paced while activation mapping of the LA and right
main PA was performed. In 2 patients, the activation map re-
vealed earliest epicardial activation over the PA, an indirect
recording of BB, with the activation wavefront moving away
from the septum. The LA endocardial activation followed
the epicardial activation recorded from the PA, showing a
broad breakthrough wavefront moving in the opposing direc-
tion toward the septum. Although BB has previously been re-
corded from the PA as early as 1978,19,20 to our knowledge
these are the first in vivo human recordings demonstrating
BB activation with competing epicardial and endocardial
wavefronts of RA-to-LA activation, supporting a bilayer acti-
vation pattern in the LA roof (Figure 4 and Supplemental
Video 1). In the third patient, earliest RA-to-LA activation
occurred at the interatrial septum, suggesting diseasedBB con-
duction. The P-wave duration averaged over 12 leads in
this patient during atrial pacing was 168 ms, compared to
126.5 6 9.2 ms among the patients with earliest BB conduc-
tion to the LA roof. Similarly, the interauricular activation
time as measured from the RA catheter positioned at the crista
terminalis to the distal CS catheter, in the patient with earliest
LA activation in the septum, was 185 ms vs 139 6 19.8 ms
among the patients with earliest BB conduction to the LA roof.
Atypical atrial flutter
In the patients with atypical AFL (5, 45%), entrainment and
ablation from the PA was attempted in 3. Further case details
of these patients are presented to highlight the potential utility
of this novel approach.



Table 1 Baseline clinical characteristics

Demographics Result

Male sex 10/11 (91%)
Mean age 69 6 9.6
Mean BMI (kg/m2) 27.6 6 3.7
Past medical history
Hypertension 6/11
Diabetes 2/11
Coronary artery disease 5/11
Cerebrovascular event 1/11
Mean CHADSVASc 2.4 6 1.9

Atrial fibrillaiton procedural history
Prior catheter ablation 6/11 (45%)
Prior pulmonary vein isolation 6/6 (100%)
Prior posterior wall isolation 4/6 (67%)
Prior mitral line 2/6 (33%)
Prior CTI line 2/6 (33%)
Other ablation 2/6 (33%)

Transthoracic echocardiography
Mean LVEF (%) 51.6 6 15.7
Mean left atrial size (cm) 4.4 6 0.7

Medications
Novel oral anticoagulant 10/11 (91%)

Figure 3 Lesions delivered from the pulmonary artery (PA) to the left atrium (LA) roof in swine animal model. A: Electroanatomic mapping of the PA and
locations of irrigated radiofrequency lesion delivery (30 W! 30 seconds each). B: Illustration of the depth of a lesion in a transverse cut through the PA and LA
roof with the lesion reaching the epicardial LA. C: The epicardial LA roof lesion with the PA surgically removed. D: The endovascular PA lesion without any
evidence of dissection or vascular disruption.
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Atypical AFL patient 1
A 67-year-old man who had previously undergone multiple
prior ablations with a pulmonary vein isolation (PVI), poste-
rior wall isolation, anterior mitral line (AML), and cavotri-
cuspid isthmus line presented with recurrence of atypical
AFL with a cycle length (CL) of 300 ms and proximal-to-
distal CS activation. Entrainment revealed postpacing inter-
val exceeding tachycardia cycle length (PPI-TCL) by ,30
ms along the mitral annulus, LA roof, and RA septum, but
.30 ms from lateral right atrium and crista terminalis. Right
PAmapping was performed in the anatomical location of BB,
which revealed continuous activation signals (Figure 5A).
Successful capture and entrainment from the right PA was
performed at 50 mA at 2.0 ms with PPI-TCL of 12 ms
(Figure 5B). Ablation lesions were delivered from the PA
at 30 watts for 20–30 seconds, which resulted in tachycardia
slowing to a CL of 320 ms. Ablation was then performed
from the adjacent endocardium despite only a small far-
field signal (0.25 mV), which resulted in termination of the
tachycardia (Figure 5C). AML bidirectional block was
confirmed, and the case was concluded.
Vitamin K antagonist 1/11 (9%)
Beta blocker 10/11 (91%)
Amiodarone 1/11 (9%)
Dofetilide 1/11 (9%)
Sotalol 1/11 (9%)

Data shown as number of patients (n/total) and percentage (%), or
mean 6 standard deviation.

BMI 5 body mass index; CTI 5 cavotricuspid isthmus.
Atypical AFL patient 2
A 64-year-old man who had previously undergone PVI
presented with atypical AFL. Entrainment was consistent
with mitral annular flutter utilizing the LA ridge at a CL of
260 ms with a proximal-to-distal activation sequence. An



Table 2 Procedural details

Detail n/total (%)

Procedure indication
Atrial fibrillation 6/11 (55%)
Atypical atrial flutter 5/11 (45%)

Pulmonary artery mapping
Right PA mapping 11/11 (100%)
Left PA mapping 6/11 (55%)

Mapped rhythm
Sinus rhythm 3/11 (27%)
Atrial paced rhythm 4/11 (36%)
Atypical atrial flutter 4/11 (36%)

Mapping system
CARTO 3D 10/11 (91%)
EnSite Velocity 1/11 (9%)

Pulmonary artery mapping catheter
Ablation catheter 8/11 (73%)
Multipolar catheter 3/11 (27%)

Data shown as number of patients (n/total).
PA 5 pulmonary artery.

Table 3 Pulmonary artery characteristics

Characteristic Result

Pulmonary artery pacing
Successful capture 7/8 (88%)
Right PA at 50 mA 5/8 (63%)
Right PA at 10 mA 1/8 (13%)
Left PA at 50 mA 1/8 (13%)
Left PA at 10 mA 0/8 (0%)

Pulmonary artery signal recording
Right PA (mV) 0.71 (0.36–0.77)
Left PA (mV) 0.3 (0.23–0.47)

Adjacent endocardial signal recording
Endocardial LA roof (mV) 1.61 (0.36–4.0)
Endocardial LA ridge (mV) 1.67 (0.65–3.07)

Pulmonary artery to endocardial LA
distance
Right PA distance (mm) 9.1 (7.15–10.28)
Left PA distance (mm) 15.6 (10.3–19.6)

Mean baseline impedance (ohm)
Patient #1 135 6 5
Patient #2 138 6 10
Patient #3 133 6 2

Mean impedance drop (ohm)
Patient #1 11 6 4
Patient #2 15 6 2
Patient #3 6 6 1

Data shown as number of patients (n/total) and percentage (%), median
with interquartile range, or mean 6 standard deviation.

LA 5 left atrium; PA 5 pulmonary artery.
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AML was performed with tachycardia slowing to 310 ms but
with failure to terminate the tachycardia. A portion of the
AML that traversed the septum was reinforced from the
opposing right atrium. A line was then drawn from the ante-
rior mitral line to the top of the LAA, where continued slow-
ing occurred. Entrainment revealed PPI-TCL,30 ms on the
LA ridge and ablation in this region was targeted extensively
from the PV and LAA sides, with further slowing to 340 ms.
Further attempts at targeting this area with ethanol were
considered, but CS venography revealed no vein of Marshall
(VOM). PA mapping was then performed. Entrainment was
attempted from the right PA without capture. Ablation le-
sions were delivered from the PA at 30 W for 20 seconds
opposing the AML to reinforce the endocardial lesion set,
with no effect. Successful entrainment was then performed
from the left main PA at 50 mA at 2.0 ms with a PPI-TCL
of 17 ms (Figure 5D). Ablation was performed in the left
PA at 20 W for 20 seconds in areas with a short return cycle
following entrainment (,20 ms), with no effect on the
arrhythmia. The patient was cardioverted and bidirectional
endocardial block was confirmed across the AML. The left
PVs were reisolated and the procedure was concluded
without achieving termination of the tachycardia during abla-
tion.

Atypical AFL patient 3
A 60-year-old man who had previously undergone 2 prior
catheter ablations including PVI, posterior wall isolation,
a lateral mitral line, and scar modification presented with
atypical AFL. Entrainment was consistent with a biatrial
flutter at 290 ms with distal-to-proximal CS activation.
Entrainment revealed PPI-TCL ,30 ms along the mitral
annulus, LA roof, and RA septum, and .30 ms on the pos-
terior wall. Entrainment from the right PA was achieved at
10 mA at 2.0 ms and revealed PPI-TCL of 20 ms. Ablation
lesions were delivered from the PA at 30 W for up to 30 sec-
onds, with no effect on the tachycardia, but the PW that had
reconnected was now isolated, suggesting an epicardial
connection to the PW, likely the septopulmonary bundle
that was targeted at the LA roof. Adjacent endocardial abla-
tion on the LA roof slowed the tachycardia (415 ms). The
tachycardia terminated with a lateral mitral line and block
across the lateral line was achieved with ethanol ablation of
the VOM.
Discussion
Catheter ablation is now standard of care for the management
of AF and AFL.18 Creation of conduction block is the corner-
stone of catheter ablation. Despite significant technological
advances in ablation platforms, arrhythmia recurrences are
frequently encountered. Recovery of conduction across prior
endocardial ablation lines and inability to achieve transmural
lesions are important etiologies for arrhythmia recurrences
requiring repeat procedures.21

The epicardium of the LA is recognized as a critical
component of arrhythmogenesis, often harboring fixed mac-
roreentrant circuits that are challenging to ablate from the
endocardium. The BB and other epicardial fibers potentially
also contribute to functional reentry, AF initiation, and main-
tenance.22,23 Despite years of open or thoracoscopic surgical
AF ablation, the experience has been primarily anatomical
and limited by the lack of high-density mapping of
arrhythmia circuits. Percutaneous epicardial approaches for
AF/AFL ablation have evolved with improved understanding
of the role of the LA epicardium.24 Studies have revealed re-
gions of preserved epicardial conduction across the PV and



Figure 4 The figure illustrates what we believe to be the first in vivo human recording demonstrating Bachmann bundle (interatrial bundle) right atrium (RA)–
to–left atrium (LA) activation (CARTO 3; Biosense Webster, Diamond Bar, CA) with competing epicardial and endocardial wavefronts. A1: Pacing from the
proximal portion of the crista terminals catheter at a cycle length of 900 ms. A2, B2: Earliest activation recorded in the right pulmonary artery (PA) overlying
Bachmann bundle with the wavefront of activation moving away from the septum. A3: Epicardial-to-endocardial activation. A4: Broad breakthrough pattern of
activation on the anterior LA. B5: Passive activation of the remaining LA.
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other linear LA ablation lines despite demonstrating endocar-
dial entrance and exit block. Complete dissociation of the LA
endocardium from the epicardium during AFL has also been
reported.9 This is explained by the complex bilayer architec-
ture of the LA myocardium.

In a feasibility study of percutaneous epicardial mapping
and ablation, Piorkowski and colleagues10 reported their
experience in 59 patients with chronically isolated PV under-
going repeat AF/AFL ablation. In this series, 38% of all
endocardial lines required completion by further epicardial
ablation to achieve durable block. Similar findings were
also reported by Jiang and colleagues.9 In their study, 3 out
of 16 patients who had PV reconnection continued to have
epicardial capture despite endocardial PV reisolation,
needing further epicardial ablation. Interestingly, epicardial
voltage and activation information could be successfully
used to target endocardial ablation sites to achieve posterior
wall isolation. In another analysis of the role of epicardial fi-
bers in atypical AFL, Nayak and colleagues25 found evidence
of epicardial bridging in almost a third of LA flutters using
high-definition mapping. Specifically, epicardial bridges are
mediated by the BB for biatrial flutter, ligament of Marshall,
and CS for mitral annular flutter and the septopulmonary
bundle for roof-dependent atrial flutter.

Catheter ablation of epicardial LA fibers through an
endocardial approach is routinely employed in practice
but has significant anatomical limitations. Ablation of the
LA roof and the ridge between the left PV and the LAA
pose specific challenges in this regard. While a percuta-
neous epicardial approach provides access to a large
part of the LA epicardium, catheter manipulation is limited
by pericardial reflections that mark the transition from the
visceral to parietal pericardium.26 In this regard, mapping
and ablation from the epicardial aspect of the LA roof and
the LAA ridge from the PA represents a novel approach.
PA–LA anatomy
The PA has a fixed and intimate relationship with the superior
aspect of the LA (Figure 6) and is separated from the LA by
the transverse sinus.27 After bifurcating, the left PA passes
over the left main bronchus and courses parallel to the left su-
perior pulmonary vein (LSPV) with the proximal aspect of
the left PA overlying the sulcus between the LSPV and the
LAA. In fact, the vestigial fold of the VOM is attached to
the inferior surface of the proximal left PA.27 The right PA
has a more obtuse takeoff from the bifurcation and courses
posterior to the right superior pulmonary vein and the SVC.
The proximal aspect of the right PA forms the roof of the
transverse sinus and directly overlies the anterosuperior
portion of the LA. The PA-to-LA relationship is consistent
but the distance appears variable among patients. This space
represents multiple components: the PA wall thickness,
transverse sinus, epicardial fat, and LA wall thickness. Vari-
ability in structure and thickness of these intervening tissues
likely accounts for the distance variation between the LA roof
and the PA.

Relevance of PA to epicardial bundles
The area of the anterosuperior LA, near the right PA, houses
the BB and proximal aspect of the septopulmonary
bundle.7,28 The BB is composed of thick epicardial layers;
runs anterior to the SVC across the septum to the anterior
wall of the LA, where it then bifurcates anterior to the
LAA; and extends toward the LAA-LSPV ridge.

In sinus rhythm or atrial pacing, mapping of BB from the
right PA offers insight into the pathophysiology of this
epicardial structure. In patients in whom LA activation oc-
curs primarily over BB, this reflects healthy epicardial con-
duction and correlates with shorter P-wave durations and
interauricular conduction times. The longer P-wave duration
and interauricular conduction time in the patient with primary



Figure 5 Intracardiac electrograms (EGM) and anatomic maps of atypical atrial flutter (AFL) patient #1 and atypical AFL patient #2. A: Patient #1: PentaRay
(Biosense Webster, Diamond Bar, CA) in the right pulmonary artery (PA) revealing long continuous signals present during atrial electrical diastole as defined by
atrial signals on the coronary sinus catheter.B: Patient #1: Entrainment from the ablation catheter in the right PAwith a postpacing interval of 12ms.C: Patient #1:
Ablation catheter on the adjacent endocardium at the ablation site of termination with a small far-field signal (0.25mV). Red ball indicates PA ablation lesion; blue
ball indicates endocardial ablation termination.D: Patient #2: Entrainment from the ablation catheter in the right PA with a postpacing interval of 12 ms. Red ball
indicates endocardial ablation lesion, black ball indicates PA ablation lesion. LA 5 left atrium; LAA 5 left atrial appendage; LPA 5 left pulmonary artery;
LSPV5 left superior pulmonary vein; PA5 pulmonary artery; RIPV5 right inferior pulmonary vein; RPA5 right pulmonary artery; RSPV5 right superior
pulmonary vein.
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septal activation represents delayed propagation over BB
bundle and a diseased epicardial state. Mapping the PA
will promote further understanding of these epicardial com-
ponents, elucidate its role in arrhythmogenesis, and reflect
the overall health of epicardial/BB conduction.

During right PA pacing, CS activation demonstrated
different activation patterns. A possible explanation for this
observation could be varying depths of myocardial capture.
With distal-to-proximal CS activation, this may reflect sole
epicardial capture conducting over BB to the more lateral
LA compared with both endocardial and epicardial capture,
representing a more physiologic activation process with
proximal-to-distal CS activation. Alternatively, this could
simply reflect more proximal or distal right PA pacing and
capture, correlating with more septal or lateral atrial myocar-
dial capture. Lastly, these different patterns could also occur
secondary to prior ablation and reflect delay or block in this
region. This was not the case in our present study, as none of
the patients with CS activation recordings had prior LA roof
or LA dome ablation.
Regarding atypical AFL, an anterior mitral line connect-
ing the mitral annulus to the right superior pulmonary vein
runs through the BB region and poses a challenge to success-
ful transmural ablation. Even when endocardial block across
the line is achieved, there is preserved epicardial conduction
across this region, which can then form a substrate for devel-
oping biatrial flutter. Mapping of this region from the right
PA can assist with designing ablation lines, like using epicar-
dial posterior wall activation and signals to guide anatomical
endocardial ablation.29 In our first atypical flutter case, we
were able to use the recordings from the PA to select an
optimal endocardial ablation site in the LA roof with success-
ful flutter termination. Similar relationships of the right PA to
the proximal septopulmonary bundle make it relevant while
targeting roof-dependent flutters as well as interrupting
epicardial connections to the LA posterior wall, as demon-
strated in 1 of our atypical flutter patients. The left PA can
be used to record epicardial signals from the LAA ridge
and can potentially serve as a vantage point for recording
and optimizing targeted ablation, with either epicardial



Figure 6 Contrast-enhanced computed tomography image showing the anatomical relationship of the pulmonary artery to the left atrium (LA).A:Axial plane
showing the right pulmonary artery (RPA) as it courses posterior and rightward behind the aorta. B: Sagittal plane showing the RPA directly overlying the LA
roof. C: Coronal plane showing the RPA directly overlying the LA roof.
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radiofrequency ablation or VOM ethanol infusion, to
augment an endocardial lateral mitral line.
Ablation within the PA
Delivering radiofrequency energy within venous structures
such as the CS is commonly performed. Biophysics of energy
delivery are limited by thin vessel walls, high impedance, and
inadequate power delivery because of a “heat sink” caused by
blood flow in the coronary venous system. While ablation
within the aortic and pulmonic cusps is performed for ven-
tricular arrhythmias, the tissue targeted for ablation is smooth
muscle sleeves that extend over the vasculature. Effects of
ablation in arterial structures beyond the semilunar valves
without intervening muscle are unknown. Ablation from
the PA had dynamic effects in 2 of 3 cases and swine ablation
revealed lesion penetration to the epicardial LA. Optimal
ablation settings for safety and efficacy are not known and
anatomic variability in distance may play a critical role.
Perhaps threshold of myocardial capture will guide future
ablation from the PA as a surrogate for proximity and an in-
dex of direct continuity.30 Concerns include increased risk of
pericardial or pleural effusion with catheter manipulation to
the distal PA and branches, injury to nearby structures such
as the sinus node artery, ablation of BB with RA-to-LA un-
coupling, PA-to-LA fistula formation, or disruption of the
PA itself.31 Ablation from the PA, in unipolar or bipolar
mode, warrants further study before it is routinely performed
in this region.
Limitations
The generalizability of this study is limited by the small sam-
ple size and our present investigation represents a feasibility
and proof-of-concept study. There was variability in the PA
mapping catheter based on provider preference, either
a multipolar catheter or an ablation catheter. In addition, vari-
ability in the patient’s rhythm during PA mapping may also
affect signal amplitudes. The PA-to–endocardial LA distance
is variable and the accuracy of the mapping system distance
tool likely only provides an estimated distance, given the
anatomical distortion that can occur during electroanatomic
mapping. Formal imaging with computerized tomography
or magnetic resonance imaging will provide more accurate
measurements. Attempts at LA capture from the PA were
performed with binary standard and high-output pacing and
true capture thresholds were not determined.
Conclusion
Natural surface epicardial mapping from the right and left
main PA is a means for electrogram recording of BB and
epicardial roof muscle fibers. Epicardial signals from the
PA can be safely recorded and in select cases of atypical
flutter, the arrhythmia can be successfully entrained from
this location. These observations provide arrhythmia charac-
teristics that may not be otherwise visible on the LA endocar-
dial surface. The safety and efficacy of an adjunctive strategy
of unipolar ablation from the PA, or bipolar ablation using an
electrode at the PA and the other at the opposing endocardial
LA, requires further study.
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